When a piece o f metal prepared by a commercial process is heated for the first time in v a c u o , a considerable amount o f gas is usually evolved. With the more refractory metals like nickel or molybdenum, evacuation for a few minutes at 1000° C is sufficient to remove part only o f the gas present, and prolonged heating for many hours is necessary before the evolution ceases to be measurable. It may be assumed that some part at least o f this gas is derived from the body o f the metal and must pre sumably reach the surface by diffusion. The total gas is extracted m uch more rapidly if the metal is actually melted, and this method o f estimating the gases in steel and other metals has been very generally adopted.* The fact that the evolution o f gases from metals on heating depends upon a process of diffusion from the interior to the surface o f the metal, and subsequent evaporation, has been established for the simple gases.
The Diffusion of Gases Through Metals
When a piece o f metal prepared by a commercial process is heated for the first time in v a c u o , a considerable amount o f gas is usually evolved. With the more refractory metals like nickel or molybdenum, evacuation for a few minutes at 1000° C is sufficient to remove part only o f the gas present, and prolonged heating for many hours is necessary before the evolution ceases to be measurable. It may be assumed that some part at least o f this gas is derived from the body o f the metal and must pre sumably reach the surface by diffusion. The total gas is extracted m uch more rapidly if the metal is actually melted, and this method o f estimating the gases in steel and other metals has been very generally adopted.* The fact that the evolution o f gases from metals on heating depends upon a process of diffusion from the interior to the surface o f the metal, and subsequent evaporation, has been established for the simple gases. The desorption o f nitrogen from m olybdenum ,t and o f hydrogen from hydrogen-charged nickelf has been shown to follow theoretical equations derived from Fick's diffusion law. In practice, the gases obtained from commercial metals often contain a large proportion o f compound gases, particularly the oxides o f carbon, but very little information is available on the diffusion o f such gases through metals.
Ryder § studied the diffusion o f carbon monoxide through steel. He gives no experimental details, but concluded that the usual diffusion laws were followed between 400° and 875° C, and that carburization took place above 900° C. On the other hand, Bramley and his co-workers* found that cementation of iron by carbon monoxide began at 750° C, and that the rate increased with temperature. In certain CO, COa mixtures the diffusion o f oxygen into the metal was observed.! An attempt was made by KhitrinJ to measure the diffusion o f various compound gases through iron, but the experimental conditions were such that no reliable results were obtained.
The total quantity o f gases that can be extracted from commercial metals § by heating in vacuo is usually between 20 and 20 much o f which is CO. The oxides o f carbon frequently form a large pro portion o f the gases extracted, and sulphur dioxide and hydrocarbons are also found. In a previous paper|| we put forward a theory o f diffusion which required that a gas molecule should be dissociated before diffusion could take place, and that activated adsorption was a necessary pre liminary to the diffusion o f a gas into a metal. The fact that compound gases are so frequently extracted from commercial metals raises the question as to the form in which they are present in the metal, and the nature o f the diffusion process by which they escape.
The present paper describes an investigation o f the degassing o f com mercial nickel, which appears to throw some light on the diffusion o f compound gases. The paper is divided into three sections:-I, the degassing o f commercial nickel; II, the diffusion o f CO through nickel; III, the diffusion o f carbon, and o f oxygen, through nickel.
I-T h e D eg a ssin g o f N ic k e l

Apparatus and Technique
In the degassing experiments, each sample o f metal was sealed into a lamp bulb o f about 80 mm diameter. The bulb was connected by wide bore tubing directly to a two-stage mercury diffusion pump and the analytical system arranged as in the diffusion experiments previously described. § The apparatus was constructed entirely o f glass and the use o f taps was eliminated.
It was found advantageous from many points o f view to employ high-frequency heating, and no difficulty was experienced in keeping the temperature constant within the accuracy o f the pyrometer reading. The sample, in the form o f a coil o f wire, or a cylinder o f sheet metal, was suspended from a lamp seal by three fine tungsten wires. Each sample was sealed into a fresh bulb. During heating the bulb and the highfrequency coil were kept cool by an air blast. Temperature measurement was made by means o f a disappearingfilament pyrometer, carefully calibrated under black body conditions, and the observed temperature corrected for brightness by a factor deter mined experimentally. Nickel cannot be maintained in a vacuum above 1050° C without appreciable evaporation. When estimating the total gas content o f a sample, therefore, it was held at 1050° C until the evolu tion o f gas ceased to be measurable. At higher temperatures a film o f metal is deposited on the walls o f the bulb and some clean up o f gas takes place.
The procedure in making a determination o f total gas content was as follows. The bulb containing the sample was baked at 420°-450° C for \ hour, and as much o f the rest o f the apparatus as possible warmed with a blowpipe. Before heating the sample a cut-off test was made to ensure that there was no measurable evolution o f gas from the apparatus. Freezing acetone was placed on a trap in the analytical system to freeze out water vapour, and on another to prevent mercury vapour diffusing back from the pump. The mercury cut-off was raised and a blank test made, the conditions being considered satisfactory when the pressure in the analytical system did not rise above 5 x 10-5 mm in \ hour. The sample was then heated to 1050° C until no further gas was evolved (usually about 2 hours), and the gas measured and analysed. Both Pirani and McLeod gauges were used.
The gas extracted from nickel is mainly CO, with some COa and H 2, and small quantities o f N 2 and water vapour. The proportion o f water vapour was not measured, but was probably not more than 5%; any measurements would be doubtful owing to the readiness with which it is adsorbed by glass. The C 0 2 was determined from the fall in pressure when liquid air was applied to a side tube, and the H 2 by diffusion out of the system through a palladium tube. Carbon monoxide and nitrogen were not usually separated, as the amount of nitrogen was found to be less than 5% of the total. The method of analysis, when used, was to in troduce a known amount of oxygen by heating potassium permanganate in a side tube, then to compress a sample and ignite it by means of a platinum filament. The C 0 2 formed was determined by freezing out with liquid air.
Determinations o f total gas content Were unaffected by altering the volume o f the analytical system, showing that adsorption on the glass was negligible. The same results were also obtained on a duplicate pump system. Table II as repre senting the gas inside the metal, we obtain the values given in column 5 for the concentration o f gas on the surface, and their consistency appears to justify the assumptions. This form o f surface gas is most readily removed by heating the metal at 950° C for 5-10 minutes either in a vacuum or in pure hydrogen. Loss o f gas from the body o f the metal is inappreciable in this time, and the gas remaining in the metal is now found to be independent o f the surfacevolume ratio o f the metal.
Experimental Results
Effect o f Surface Contamination
T a b l e II-E ffec t o f S u r f a c e -v o l u m e Ra t io o f S a m ple s (Wires cleaned in trichlorethylene only.)
The Extraction o f Gases from Commercial N ickel Wire-We examined samples o f nickel wire manufactured by many different methods,* but were unable to find any correlation between the gas content and the production process. The total gas content, after a few minutes' heat treatment in hydrogen to remove surface gas, varied only from 12 to 25 cu mm with different batches o f nickel; 84 to 98% o f gas was CO, and the remainder H 2 and C 0 2.
In If the gas extraction is carried out at one temperature only, the types o f curve shown in figs. 1 and 2 are obtained. These show the total evolution o f gas at 950° C and 1050° C from degreased 1 mm diameter wire from batch A. The evolution is rapid at first, but falls off slowly to an asymptotic value. It will be seen that at 950° C degassing is a very slow process and is incomplete even after 8 hours. H 2 at 950° C ..........................................................  11-0 15 min in air at 950° C, then 8% reduction in diameter, then 15 min in H 2 at 950° C ............................................. .............  17 -3 95% of the gas evolved from both samples was CO. These assumptions are probably true in practice except for (c), which implies that the evaporation o f the gas from the surface is rapid in com parison with the diffusion to the surface. This probably holds for many gas metal systems, but there is evidence that in some, e.g., hydrogen and aluminium,^; the rate o f removal o f the gas from the surface is a con trolling factor in the desorption process. Similar evidence for oxygen and nickel is given later in this paper (p. 210).
Effect o f Heating in Hydrogen-
Discussion
Equation (1) The absolute values o f A obtained are 4-Ox 10~8 at 950° C, and 14*0 x 10~8 sq cm/sec at 1050° C. This result is discussed in a later section.
II-T h e D iffu sio n o f CO T h r o u g h N ic k e l
The apparatus used for the diffusion measurements was fully described in the previous paper.*
The preliminary experiments were made with tubes o f the following specification:dimensions: wall thickness 0*25 mm; outside diameter 2-5 mm;
heated length 15*0 cm. analysis: Fe 0*13%, Mg 0-04%, C 0*012%, and only traces o f other elements.
The carbon monoxide was prepared from formic and sulphuric acids, and dried by passing over KOH, CaCl2, and finally through a trap cooled in liquid air. This also removed any traces o f COa. A 2-litre bulb was filled with the gas, and sealed directly to the pressure side o f the pump system. During all experiments a trap on the pressure system was kept immersed in liquid air to freeze out any water vapour or COa evolved.
With the tube at 900° C, and a pressure o f CO o f approximately 200 mm  o f Hg, quite a large amount o f gas was at first collected in the analytical  system, but consisted almost entirely o f hydrogen, presumably present as an impurity in the carbon monoxide. This hydrogen diffusion de creased during the further running o f the tube, but was never entirely eliminated.
Measurement o f CO diffusion was complicated by the fact that the gas is decomposed by hot nickel, and deposition o f carbon takes place at temperatures below 800° C. This deposition o f carbon began on the subsidiary electrical leads to the diffusion tube, altering the emissivity,
and so finally crept along the tube itself, making further measurements impossible after periods o f more than 3 or 4 hours. The two most reliable measurements are given in Table VI .
T able VI-D iffu sio n o f C a r b o n M o n o x id e T h r o u g h N ic k e l
Rate D Pressure
Temperature cc/sec/sq cm mm°C for 1 mm thick 235 900 3 x 10-9 160 900 2-7 x 10-9
Although this rate o f diffusion is exceedingly small it is at least 10 times greater than the possible error due to evolution o f gas from the apparatus itself. It is, however, quite insufficient to account for the rate at which carbon monoxide is extracted from nickel, and leads to the conclusion that the gas cannot be present in the metal as carbon monoxide.
The most reasonable explanation o f the desorption o f CO from nickel is that the gas is derived from a reaction between dissolved oxygen and carbon, probably present in the metal as nickel oxide and nickel carbide. Oberhoffer and Piwowarsky* arrived at this conclusion in the case o f steel. They obtained a very much smaller quantity o f CO by dissolving steel in mercuric chloride in the cold than by heating the metal vacuo. In order to confirm this hypothesis we have studied the diffusion o f carbon and of oxygen through nickel, and determined the temperature coefficients. The mechanism o f the degassing process is explained in the light o f these results. additions o f both oxide and carbide, it was decided to make a preliminary  study by depositing carbon on one side, and oxidizing the other side o The tube used for the final measurements had the same analysis as before and the following dimensions: outside diameter 2-60 mm; wall thickness 0-30 mm; heated length 15-0 cm.
Since it was not possible to prepare nickel containing deliberate
With both sides o f the system open to the pumps, the tube was degassed at 950° C for several hours, and most o f the glass work baked out. When a blank test showed that a negligible amount o f gas was being evolved from the tube and apparatus under running conditions, oxygen was admitted to the diffusion bulb, and the tube run for some hours whilst preliminary measurements were made. A side tube on the diffusion bulb was kept immersed in liquid air to freeze out any COa formed. The oxygen used was carefully dried over phosphorus pentoxide, and in some of the later experiments was introduced into the system by diffusion through a silver tube.* When a steady state had been reached a series of readings was taken over a range o f temperature from 800° C to 950° C with a constant pressure of oxygen o f 3-77 mm, which kept the tube visibly oxidized. The evolution of C 0 2 on the oxidized side o f the tube was measured at the end o f a run by pumping out all the oxygen, removing the liquid air from the freezing tube and noting the increase in pressure. The CO was collected and analysed in the analytical system.
The results obtained are summarized in Table VII.   T In the range 950°-1050° C, these temperature coefficients may be expressed thus nickel-oxygen == 11*5, 950 nickel-carbon =3*6.
850
The diffusivity constants cannot be calculated without knowing the solubilities of oxygen and carbon in nickel at these temperatures, but the value of the temperature coefficients is the information principally required from the diffusion experiments.
By making reasonable assumptions o f the solubilities o f oxygen and carbon, the order of the diffusivity constants may be calculated. Fig. 7 Plate 4, shows a section through the wall o f a nickel tube after an oxygen diffusion experiment. N ot only has oxygen penetrated the grain boun daries, but there is also a zone near the surface o f the metal which appears dark after etching. This is probably saturated with oxygen, and if so will contain about 1*1% NiO.* Taking this figure for the solubility of oxygen, and 0*4% for the solubility of carbon,* the diffusivity constants given in Table VIII are obtained. The diffusivity constants for CO in nickel obtained from the degassing experiments are included for com parison.
Since it is of interest to compare these results with those obtained by Bramley, using an entirely different method, for the diffusion of carbon and oxygen in steel, their results have also been included in the table. It will be noticed that the diffusivity constants and the temperature co efficients for CO from the degassing experiments are almost identical with those of carbon in nickel, but quite different from the values obtained for oxygen.
The rates observed by Bramley for iron are o f the same order as our values for nickel, and here also the rate o f diffusion o f carbon is much higher than that o f oxygen. The temperature coefficients for carbon in iron and in nickel are also very similar. 
Diffusion o f Oxygen Alone
It has been shown experimentally that the direct diffusion o f CO through nickel, if it should take place at all, is very slow, and cannot account for the rates o f desorption observed when the metal is heated
vacuo. An alternative explanation o f the desorption is that the gas, 80% o f which is CO, is derived from dissolved oxygen and carbon.
From the desorption curves o f CO from nickel at 950° C and 1050° C the temperature coefficient o f desorption in this range is shown to be 3 • 6, which is nearly the same as the experimental value obtained for the diffu sion o f carbon through nickel. Although such close agreement may be to some degree accidental, the value for oxygen is so much higher, 11-5, that there is no doubt that the diffusion o f carbon is the process controlling the desorption. The absolute value o f the diffusivity constant obtained from the desorption data is also o f the right order for carbon (Table VIII ). The following conclusions may therefore be drawn:-(a) The CO desorbed from nickel at high temperatures is derived from dissolved oxygen and carbon, and is not present as CO molecules in the metal. (b) The controlling factor in the rate, at least in the later stages, is the diffusion o f carbon from the interior o f the metal to the surface. . , Commercial nickel always contains a small percentage o f carbon, usually o f the order o f 0-03%, which is much in excess o f that required to account for the CO desorbed. It appears, therefore, that carbon is in excess and the amount o f gas extracted depends chiefly on the con centration o f oxygen. This is confirmed by an experiment in which a wire was completely degassed and then just visibly oxidized in a low pressure o f pure oxygen on the pump. On again heating , a further evolution o f CO took place.
These results are somewhat difficult to explain, for it would be natural to expect that the rate o f degassing would be determined by the slower o f the two diffusion processes involved, namely that o f oxygen. A possible explanation is that the oxygen is already concentrated at or near the surface o f the wire, if so the rate would be determined by the diffusion o f the carbon. We have, however, been unable to obtain any evidence that this in fact occurs. Wires o f various sizes have been taken and the surface removed by machining in a lathe. Even when the wire is reduced in this way to half its original diameter the amount o f gas extracted per unit weight remains unchanged. We must therefore conclude that the oxygen distribution is substantially uniform throughout the cross-section o f the wire.
It may be possible to base an explanation on the assumption that the diffusion o f oxygen is confined to the grain boundaries, whilst carbon diffuses through the lattice. There is definite evidence o f grain boundary penetration in the photomicrographs shown in fig. 7, Plate 4. An alternative explanation is that the constants determined from the diffusion experiments with oxygen do not apply to the degassing experi ments. The diffusion which we have measured involves three steps: (1) adsorption o f oxygen and passage o f oxygen atoms into the metal;
(2) diffusion through the m etal; (3) escape from the opposite surface.
It is possible that the second process, which is the one chiefly concerned in degassing, is relatively rapid, whilst (1) and (3) are slow. This view is supported by the high activation energy involved, 19,700 calories per gm molecule, and by the fact that oxygen could not escape from the surface in the diffusion experiments in the absence of carbon. On the other hand this hypothesis is difficult to reconcile with the very long periods of heating in hydrogen, which are required to degas nickel completely. One would expect the hydrogen to be almost as effective as carbon in removing oxygen from the surface. The explanation may lie in the equilibrium conditions for the system NiO + H 2 £ Ni + H aO which, so far as we know, have not been investigated.
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Summary
The problem discussed is the extraction of gas from commercial nickel by heating in vacuo or hydrogen.
The first part states the facts concerning the amount and the nature of the gases evolved from nickel at various temperatures. Apart from easily detachable surface gas, the gas evolved is mainly carbon monoxide.
In the second part the rate of diffusion of carbon monoxide is measured. The measured rate is far too small to account for the rate at which gas is evolved from the metal in the usual degassing processes. Consequently the hypothesis is proposed that the carbon monoxide is generated from carbon and oxygen, not combined with each other, contained in the metal.
In the third part, measurements are made of the diffusion of carbon and oxygen through nickel with a view to testing the hypothesis. It is found that both carbon and oxygen do diffuse through nickel and that if both are diffusing at the same time carbon monoxide is given off. It seems certain that the carbon monoxide evolved in normal degassing arises in this way; it is likely that the rate of evolution is controlled by the rate of diffusion of the carbon. But since the rate of diffusion of oxygen is much less than that of carbon, it is not obvious why the diffusion of carbon, rather than that of oxygen is the controlling factor. An explanation is attempted, but the matter is not completely explained.
